Solvent effects show that the transition state for the uncatalyzed rearrangement is polar in character (10, 11) and kinetic isotope effects indicate that C-O bond cleavage precedes C-C bond formation (11, 12) . Residues Arg-90 and Glu-78 in BsCM are positioned to complement a putative C-O dipole electrostatically. Here, we report the development of a novel genetic selection system for CM activity in E. coli and its application to probe the importance of the positive charge at position 90.
MATERIALS AND METHODS
Strains and Plasmids. The construction of the CM-deficient E. coli strain KA12 was described earlier (13) . Its genotype is A(srlR-recA)306::TnlO, A(pheA-tyrA-aroF), thi-1, endA-1, hsdRl7, A (argF-lac) U169, supE44. General cloning and library construction was carried out in strains XL1-Blue (14) and SURE 2 (Stratagene). Plasmids pJX3 (15) , pJZlg (16) , and pBSCM2 (17) were obtained from the respective authors. Cloning or assay control vectors were pBluescript I KS(+) (pBLS; Stratagene) (18) , pUC19 (19) , pACYC184 (20) , and pKSS (21) . DNA Manipulations. All nucleic acid manipulations were according to standard procedures (14) . Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs or Boehringer Mannheim. Oligonucleotides were synthesized with a Pharmacia Gene Assembler Plus and purified by polyacrylamide gel electrophoresis. To minimize error frequencies during plasmid constructions, PCRs were carried out for not more than eight cycles at high template concentrations with pfu DNA polymerase (Stratagene). All relevant portions of the constructed and selected plasmids were confirmed by sequencing (22) with a kit from United States Biochemical.
Chorismate Mutase Complementation System. The plSAbased plasmid pKIMP-UAUC (see Fig. 1B ) was constructed by a four-way ligation of three different PCR products and the 2323 bp BstYI-ClaI fragment of vector pACYC184. The restriction sites used to fuse the PCR fragments are underlined: PCR 1 (183 bp) was obtained with primers UV5C (CTGG-GGTACCGCATGCATCGATTAGGCACCCCAGG-CTTTACACTTTATGCTTCCGGCTCGTATAATGTG-TGGAATTGTGAGCGGAT) and OMPCL (CCAGTA-CGGCCGCGTTTGCTGCGCCTGCTACCAGCAGAGCT-GGGACCAGGAGGGACAGTACTTTAACTTTCATGA-CTGTTTCCTGTGTGAAATTGTTATCC) on template pUC19, PCR 2 (1487 bp) was obtained with primers TYRAC (GCATGACGGCCA AGTCATGACTCTG-GAAGATCCTCAGAGCCGTTACGGCC) and TYRAN (CCAGTGAATTCGAGCTCGGTACC) on template pJX3, and PCR 3 (1180 bp) was obtained with primers UV5C and PHECN (GTGAAGATCTCGAGCTGGACTAGTAGA-TAACGCATGGACCAGGCA) on template pJZlg. Deletion of an internal 72-bp BspHI fragment from the four-way ligation product yielded pKIMP-UAUC (see Fig. 1B ). The selection medium (M9c) was based on M9 minimal medium (14) and hydroxybenzoic acid (5 ,tg/ml)/4-aminobenzoic acid (5 ,ugl ml)/2,3-dihydroxybenzoic acid (1.6 tLg/ml)/L-Trp (20 ,tg/ml)/ sodium ampicillin (100 tLg/ml)/chloramphenicol (20 ,ug/ml), pH 7.0. For Petri dishes, 15 g agar was added per liter. Where required, M9c was supplemented with 20 ,ug of L-Phe and/or L-Tyr per ml. A more detailed description of this complementation system will be given elsewhere.
Reengineering of aroH. Plasmid pKCMT-W (see Fig. 2B ), which served as the basis for the libraries of randomized active site residues, was constructed by a four-way ligation procedure. Appropriately cut PCR products 4, 5, and 6 were ligated to a 2458-bp NspI-SacI fragment from pKSS. PCR 4 (296 bp) was obtained (with fusion sites underlined) with (17) .
Control experiments under selective conditions (i.e., in the absence of Phe and/or Tyr in the growth medium) with wild-type aroH (plasmid pKCMT-W) and/or empty vectors (pACYC184 and pUC19) demonstrated that all elements of the complementation system were functional and necessary. Because CM is required for the biosynthesis of both Phe and Tyr (Fig. 1C) , three levels of selection stringency are possible. Complementation of the Phe-auxotrophy is the least stringent because considerable background growth is observed without CM (unpublished data). In the absence of Tyr, only cells with an active aroH-encoded BsCM grow. The most specific and demanding option is the simultaneous complementation of both Phe and Tyr auxotrophies.
Construction of Partially Randomized aroH Libraries. First, all residues of BsCM in direct contact with a TSA were identified (Fig. 2) by examining the crystal structure of the complex between BsCM and the TSA (6, 7). These active site residues were then made accessible to mutagenesis by reengineering of the aroH gene (Fig. 2B) . Large fractions of the aroH gene were chemically resynthesized, and by making silent mutations, unique restriction sites were introduced that could serve as anchor points for insertion of randomized library fragments. In the design of the oligonucleotides, codons used in highly expressed genes of E. coli were favored (according to Version 7 of the program package by Genetics Computer Group).
We have used the complementation assay of Fig. 1 initially to elucidate the importance of the positively charged residue Arg-90 in the substrate binding pocket of BsCM (Fig. 2A) . An aroH gene library (A) was constructed having the codon corresponding to Arg-90 randomized. In a second library (B), codons for Arg-90 and Cys-88 were randomized simultaneously. This combinatorial library allows for greater flexibility in the evolution of other functional active site constellations. Position 88 is not part of the binding site but is in contact with Arg-90 (Fig. 2) . During construction of the libraries, care was taken to reduce the potential background of contaminating wild-type plasmid (wild-type codons were recognizable later when sequencing individual clones). To lower the frequency of cells transformed with two different library plasmids and of undesired in vivo DNA rearrangements, library ligations were first transformed into E. coli strain SURE 2 (having disabled DNA repair and recombination pathways). Subsequently, plasmid pools were isolated and, in the case of the larger library B, additionally digested with BsrGI to eliminate any contaminating wild-type aroH (Fig. 2B) . Diluted aliquots of the pools were transformed into the complementation host strain (KA12/pKIMP-UAUC), and clones able to provide their own Tyr and Phe were selected on suitable minimal medium agar plates. Only 3 of the 111 sequenced clones from library A and none of the 56 analyzed clones from library B contained wild-type codons. The library sizes exceeded the maximal theoretical diversity by at least a factor of 15. Library composition, examined by sequencing plasmid pools and individual clones from nonselective media, was found to be essentially random.
Alternative Active Site Residues Found by Selection. Fig. 3 A and B compile unambiguously characterized clones from libraries A and B, respectively. All of these clones appeared to be single transformants, and their aroH genes were shown by sequencing over the entire inserted PCR fragment to lack additional mutations. The distribution of (inactive) controls indicates good coverage of sequence space, particularly evident in library A.
When only codon 90 was randomized, Arg emerged as indispensable for an active enzyme in vivo, since all 44 clones obtained on selective agar plates contained an Arg codon (Fig.  3A) . From combinatorial library B in which positions 88 and 90 were simultaneously randomized (Fig. 3B) total cellular protein gave a signal to background ratio of more than three orders of magnitude with the wild-type construct pKCMT-W. All mutant clones with a phenotype rating less than 4 had specific activities below the background level. With the exception of the wild-type protein Cys-88/Arg-90 selected from library B, all analyzed CM variants exhibited dramatic drops in in vitro activity of 680-fold (Ala-88/Lys-90) or more.
Preliminary attempts to determine Michaelis constants with crude extracts of all the mutants in Table 1 with measurable CM activities showed that the Km is increased in all cases at least three-fold relative to the wild-type extract (apparent Km of 85 ± 6 ,uM). While better defined Km values for these low-activity variants will require purification of individual proteins, this experiment establishes that the specific activities obtained at 50 ,tM chorismate essentially reflect relative kcat/Km values for the CM variants. DISCUSSION Direct genetic selection is a powerful tool for characterizing the mechanism and altering the properties of enzymes. Applied to libraries of randomized genes, it allows a palette of permissive changes to be evaluated rapidly (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . We have demonstrated here that a complex metabolic pathway can be deconvoluted to engineer a selection system. By replacing bifunctional genes with monofunctional versions from three other species (Fig. 1C) , it became possible to select for CM activity in E. coli, the organism of choice for molecular genetics. We have used this system to examine the importance of Arg-90 in the active site of BsCM. Random-codon libraries were created and interesting (active) genes were directly selected. The examination of position 90 alone gives a synopsis of functional alternatives, whereas the relatively small number of clones analyzed from library B (compared to the 400 theoretically possible combinations) provides insight into alternative active site configurations without precluding other functional combinations. CM activity of individual clones was assessed by three independent methods. First, recording the growth rate on agar plates permitted efficient sorting of clones into five complementation groups. Second, determination of doubling times in liquid cultures paralleled the results obtained on plates. Although this method carries the intrinsic risk of selecting secondary mutants that outgrow the original clone, it is substantially more sensitive than the plate assay. Lastly, CM specific activity was measured directly in vitro. All tested mutant proteins exhibited dramatically reduced activities in vitro, although some aroH variants show strong complementation in vivo. This is explained by the high expression level of the aroH genes (on a high-copy-number vector and transcribed from the strong, nonrepressed trc promoter), probably far in excess of the actual cellular needs for most phenotype 5 clones. Instability of the quaternary structure of the mutant proteins under the conditions of extract preparation and enzyme assays may also account for reduced in vitro activity in some cases (e.g., Tyr-88/Arg-90), since the randomized residues are at the interface of two subunits forming the active site in the trimeric BsCM (6, 7).
In the uncatalyzed reaction, C-O bond cleavage substantially precedes the formation of the new C-C bond resulting in a dipolar transition state (10) (11) (12) 39) . It was proposed (7, 9) that the developing positive charge on the cyclohexadienyl ring may be stabilized by negative polarization of the bottom of the active site through the anionic carboxylate of Glu-78 in the BsCM-catalyzed rearrangement (Figs. 1A and 2A) . The developing negative charge on the ether oxygen could be accommodated by electrostatic interactions with the positively charged guanidinium group of Arg-90 (7, 9) . These assignments are now supported by experimental data. Randomization and selection experiments at the active site's negative pole show that a negative charge either at position 78 or 75, although not essential, is clearly needed for full activity in vivo, and its loss reduces the enzyme's efficiency by at least a thousand-fold in vitro (40) . In this report, we show that a positive charge either at position 90 or 88 is essential. Its absolute conservation in active clones may indicate that the oxyanion needs stronger stabilization than the delocalized cation on the cyclohexadiene ring (39, 41). Our results suggest that a dipolar binding site (42) composed of Arg-90 and Glu-78 is a major contributor to the efficacy of CM (43) . They thus provide strong but circumstantial evidence that the transition state of the enzymatic Claisen rearrangement, a species previously inaccessible to experiments (12, 39, 44) , has a pronounced dipolar character like that of the uncatalyzed reaction (10) (11) (12) .
The selection experiments demonstrate further that a positive charge at position 90 or 88 alone is not sufficient for activity; steric factors must also be important. Lys-90 in combination with the wild-type Cys-88 was not selected on plates and provides very poor growth in liquid culture. Similarly reduced catalytic activities upon Arg-to-Lys replacements have been reported in other enzymes (45 (40) . Steric factors were probably also important for selection of active clones with Lys-88. To provide a positive charge able to interact with the partial negative charge on the substrate's ether oxygen, the ammonium group of Lys-88 must reach into the active site across a nonbulky residue at position 90 ( Fig. 2A) .
Our results also provide insight into the function of other CM catalysts. The structures of the catalytic antibody 1F7 (9), a Saccharomyces cerevisiae CM (ScCM) (46) , and EcCM (5, 8) (Fig.  4) show active site residues capable of polarizing the ether oxygen of chorismate. In 1F7, however, the corresponding Arg-H95 is not within hydrogen-bonding distance of the TSA, and a negative pole is fully ibsent in the active site (9) ; these properties may explain its 104-fold lower efficiency (47) . EcCM (Fig. 4) (46) . Randomization of other positions in CM coupled with the powerful selection in vivo promises to unravel their functions, while a similar approach with the first-generation catalytic antibody 1F7 (47) may allow the identification of variants with activities that equal or exceed those of the natural enzymes.
